Based on first-principles calculations, we propose a sandwich structure composed of a G-type antiferromagnetic (AFM) Mott insulator LaCrO3 grown along the [001] direction with one atomic layer replaced by an inverse-perovskite material Sr3PbO. We show that the system is in a topologically nontrivial phase characterized by simultaneous nonzero charge and spin Chern numbers, which can support a spin-polarized and dissipationless edge current in a finite system. Since these two materials are stable in bulk and match each other with only small lattice distortions, the composite material is expected easy to synthesize.
I. INTRODUCTION

Discovery of the quantum Hall effect (QHE) by von
Klitzing has opened a new era in condensed matter physics 1 . It is revealed that the quantization of Hall conductance is a manifestation of topologically nontrivial Bloch wavefunctions 2 . Topological matters have various promising applications in many fields, such as fault-tolerant topological quantum computations [3] [4] [5] [6] [7] , spintronics 8, 9 and photonics [10] [11] [12] .
The quantum spin Hall effect (QSHE) was first predicted theoretically in graphene [13] [14] [15] and later studied in a two-dimensional (2D) HgTe quantum well both theoretically 16, 17 and experimentally 18 . A 3D topological insulator Bi 1−x Sb x and its family members were also reported [19] [20] [21] . Breaking time-reversal symmetry can drive a topological insulator into the quantum anomalous Hall effect (QAHE) 22, 23 . There are two categories of the QAHE classified by the spin Chern number 24, 25 . One subclass of the QAHE is characterized by a vanishing spin Chern number. The Cr-doped Bi 2 Se 3 thin film 23, 26, 27 belongs to this class, where the topological band gap is opened by hybridizations between the spinup and -down channels. The other subclass of the QAHE has a nonzero spin Chern number. One representative material is the Mn-doped HgTe 28 , where the s-type electrons of Hg and the p-type holes of Te experience opposite g-factors when they couple with the d electrons of Mn. The opposite exchange fields felt by the s and p orbitals enlarge the energy gap in one spin channel, and close and then reopen the energy gap in the other spin channel, which induces a nontrivial topology in the latter spin channel due to the band inversion mechanism 16, 28 , for a large enough g-factor. However, its experimental realization turns out to be difficult due to the paramagnetic state of Mn spins. Two other materials are proposed to realize the QAHE with nonzero spin Chern numbers in honeycomb lattice, a silicene sheet sandwiched by two ferromagnets with magnetization directions aligned antiparallelly 29 , and a perovskite material LaCrO 3 grown along the [111] direction with Cr atoms replaced by Ag or Au in one atomic layer 23, 30 . In both systems, in addition to the anti-ferromagnetic (AFM) exchange field and spinorbit coupling (SOC), a strong electric field is required to break the inversion symmetry in order to realize the QAHE. For the former one, the weak SOC of silicene limits the novel QAHE to low temperatures, while for the latter one, growth of the perovskite material along the [111] direction seems to be difficult.
In the present work, we propose a new material to realize the second subclass of the QAHE without any extrinsic operation and easy to synthesize. It is based on LaCrO 3 grown along the [001] direction, where we insert one atomic layer of an inverse-perovskite material Sr 3 PbO 31,32 such that the Pb atom feels the exchange field established by the Cr atoms in the parent material. With first-principles calculations, we reveal that there is a band inversion at the Γ point between the d orbital of Cr and the p orbital of Pb in the spin-up channel induced by the SOC, whereas the spin-down bands are pushed far away from the Fermi level by the AFM exchange field. Constructing an effective low-energy Hamiltonian, we explicitly show that the system is characterized by simultaneous nonzero charge and spin Chern numbers. Projecting the bands near the Fermi level onto the subspace composed of the spin-up d and p orbitals by maximally localized Wannier functions 33 , we confirm that a spinpolarized and dissipationless current flows along the edge of a finite sample. Since these two materials are stable in bulk and match each other with small lattice distortions, the composite material is expected easy to synthesize.
II. FIRST-PRINCIPLES CALCULATIONS
The parent material LaCrO 3 exhibits the perovskite structure with formula ABO 3 , where the oxygen atoms form an octahedron surrounding the B atom. It is a well-known Mott insulator with a large energy gap ∼3 eV, carrying the G-type AFM order, where the spin moment of any Cr aligns opposite to all its neighbors. On the other hand, the material Sr 3 PbO shows the inverse- perovskite structure with formula A 3 BO, where the A atoms form an octahedron surrounding the oxygen. It was revealed recently that there is a topological band gap in bulk Sr 3 PbO 34, 35 . We notice that the a-b plane lattice constant is 3.88Å for LaCrO 3 , and 5.15Å for Sr 3 PbO, different from each other by a factor close to √ 2. Therefore, with a π/4 rotation around the common c axis, these two materials match each other quite well [see Figs. 1(a) and (b)]. At the interface the oxygen of Sr 3 PbO completes the CrO 6 octahedron of the perovskite structure [see Fig. 1(b) ], which minimizes the distortion to the two materials when grown together. As shown in Fig. 1(b) zoom-in at the interface, there are two types of Cr atoms in each CrO 2 unit cell, where Cr1 sits at the corners of the square and above the Pb atom in the c axis, whereas Cr2 sits at the center of square and above the oxygen.
We have performed first-principles calculations by using density functional theory (DFT) implemented in the Vienna Ab-initio Simulation Package (VASP) 36 , which uses the projected augmented wave (PAW) method 37, 38 . The exchange correlation potential is described by the generalized gradient approximation (GGA) of PerdewBurke-Ernzerhof (PBE) type 39 . The cut-off energy of the plane waves is chosen to be 500 eV. The Brillouin zone is meshed into a 10 × 10 × 1 grid using the Monkhorst-Pack method. The Hubbard-U term is included for the Cr-3d electrons with U = 5.0 eV and J = 0.5 eV 40 by using the Dudarev method. For the lattice structure, we take a = b = 5.48Å (= √ 2 × 3.88Å) and c LaCrO = 3.88Å. The height of the inserted Sr 3 PbO layer is determined by a relaxation process to achieve the minimal energy: c SrPbO = 5.46Å, the distance from the Pb atom to the Cr just above it (that to the Cr below it is c LaCrO ). Af- terwards, the positions of atoms are determined by a second relaxation process with all lattice constants fixed. In both processes, the criterion on forces between atoms is set to below 0.01 eV/Å. The results shown below are for a superlattice structure with five layers of LaCrO 3 and one atomic layer of Sr 3 PbO. We confirm that the results remain unchanged as far as the number of LaCrO 3 layers is above five and for U eff = U − J > 3.5 eV.
Without SOC, we find a band gap 0.18 eV at the Γ point. As shown in Fig. 2(a) , the topmost valence band is occupied by the spin-up p ± (= p x ± ip y ) orbitals of Pb, and the lowest conduction band is contributed by the spin-up d z 2 of Cr1. The reason for this band ar- , where a and b are lattice constants given in text. rangement is that the Cr1 atom does not live in a closed octahedron due to the absence of an oxygen in the corner of Sr 2 O layer as shown in Fig. 1(b) , which weakens the crystal field splitting and lowers the energy of the unoccupied Cr1-d z 2 band, whereas the Cr2 shares one oxygen with Sr 3 PbO, thus is closed by a complete oxygen octahedron, which keeps its d z 2 far away from the Fermi level. Therefore, only the spin-up Cr1-d z 2 band appears just above the Fermi level, in contrast to the original Mott insulator. Meanwhile, the Pb acquires a magnetic moment 0.19µ B polarized downwards [see Fig. 1(b) ], which matches the overall AFM order of LaCrO 3 and splits the spin-up and spin-down p orbitals of Pb [see Fig. 2(a) ]. In this way, both the topmost valence band and the bottommost conduction band are occupied by the spin-up channel. We notice that the total magnetic moment in the present system is compensated to zero, distinct from the Cr-doped Bi 2 Se 3 23,26 .
The band structure of the material is then calculated with SOC turned on, which lifts the degeneracy of the p + and p − bands in both spin channels. Remarkably, the strong SOC of the heavy element Pb pushes the p + orbital with up spin even above the Fermi energy E F around the Γ point as displayed in Figs. 2(b) and (c) . The Cr1-d z 2 orbital with up spin then has to sink across the Fermi level partially in order to maintain the charge neutrality of the system, which causes a band inversion between the p and d orbitals around the Γ point, as shown in Fig. 2(b ). An energy gap of 59 meV is observed according to the first-principles calculations.
III. EFFECTIVE LOW-ENERGY MODEL
We now derive an effective low-energy k · P Hamiltonian to describe topological properties of the system. Noticing that the topological band gap is opened by hybridizations between the spin-up p + orbital of Pb and the spin-up d z 2 orbital of Cr1, it is then reasonable to take these two orbitals as a basis to construct a 2×2 Hamiltonian. For simplicity, we denote the two orbitals as Γ 1 = d 
and
is the perturbation term with k ± = k x ± ik y and P ± = P x ± iP y (P x/y is the momentum operator in the x/y direction). Since the crystal is symmetric with respect to the C 4 rotation around the c axis, H ′ must be invariant under the C 4 = e 
Γ 1 |k − P + |Γ 2 must vanish. Performing similar calculations for all other terms, we arrive at the Hamiltonian respecting the crystal symmetry
up to the lowest orders of k, with ǫ 0 = (
By fitting the energy dispersion of H(k) in Eq. (4) against the first-principles results given in Fig. 2(b) , we obtain the parameters as follows: ǫ 0 = −0.007 eV, γ 0 = −7.8 eV·Å 2 , ǫ = −0.031 eV, γ = 9.0 eV·Å 2 and α = 1.45 eV·Å (see Fig. 3 ). Since ǫ and γ take opposite signs, the electronic wavefunction of the spin-up channel becomes topologically nontrivial due to the band inversion mechanism with Chern number C ↑ = 1. Since the spindown electronic bands are kept far away from the Fermi level [see Figs. 2(b) and (c)], one clearly has C ↓ = 0. It is therefore confirmed that the system is characterized by simultaneous charge and spin Chern numbers: 
IV. TOPOLOGICAL EDGE STATES
The nontrivial topology gives rise to gapless edge states in a finite sample. To illustrate this feature, we calculate the dispersion relation for a slab of the topological material with 100a along the a axis and infinite along the b axis (see Fig. 1 ). Since the bulk bands close to the Fermi level are mainly contributed by the Pb-p x , Pb-p y and Cr1-d z 2 orbitals, it is reasonable to downfold the wavefunctions obtained by the first-principles calculations in Fig. 2(b) onto these three orbitals. Employing the maximallylocalized Wannier functions 33 , we obtain the hopping integrals within the six-dimensional subspace including the spin degree of freedom. It is then straightforward to calculate the band structure of the slab system. As shown in Fig. 4 , a gapless edge state with up spin appears inside the bulk gap, manifesting the nontrivial topology of the present system. 43 ] , where the combination of the time-reversal and the primitive-lattice translational symmetries is preserved. In contrast, all symmetries are broken in our system, giving rise to a Chern insulator.
VI. CONCLUSION
We propose a novel topological material composed of the LaCrO 3 of perovskite structure grown along the [001] direction with one atomic layer replaced by an inverseperovskite material Sr 3 PbO. Based on first-principles calculations and an effective low-energy Hamiltonian, we demonstrate that the topological state is characterized by simultaneous nonzero charge and spin Chern numbers, which can support a spin-polarized and dissipationless edge current in a finite sample. Supported by the anti-ferromagnetic exchange field and spin-orbit coupling inherent in the compounds, no extrinsic operation is required for achieving the novel topological state. Importantly, these two materials are stable in bulk and match each other with only small lattice distortions, which makes the composite material easy to synthesize.
